The incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) are degraded by dipeptidyl peptidase IV (DPP IV), thereby losing insulinotropic activity. DPP IV inhibition reduces exogenous GLP-1 degradation, but the extent of endogenous incretin protection has not been fully assessed, largely because suitable assays which distinguish between intact and degraded peptides have been unavailable. Using newly developed assays for intact GLP-1 and GIP, the effect of DPP IV inhibition on incretin hormone metabolism was examined.
Introduction
The two incretin hormones, glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP, also referred to as gastric inhibitory polypeptide), are secreted from the intestinal mucosa (L-and K-cells respectively) in response to the presence of nutrients (Brown et al. 1989 , Holst 1997 , and act to potentiate meal-induced secretion of insulin (Creutzfeldt & Ebert 1985 , Nauck et al. 1993 , Scrocchi et al. 1998 , Miyawaki et al. 1999 . Together with inhibitory effects on gastric motility and acid secretion (Brown et al. 1970 , they play an important role in limiting post-prandial glucose excursions.
It has been shown convincingly in in vitro studies that the enzyme dipeptidyl peptidase IV (DPP IV, EC 3.4.14.5) can degrade both GLP-1 and GIP (Kieffer et al. 1995 , Mentlein et al. 1993 , Deacon et al. 1995a , Pauly et al. 1996 , and it is now accepted that DPP IV is the most important enzyme for the initial inactivation of GLP-1 in vivo ). This is due to the removal of the N-terminal dipeptide, which renders GLP-1 incapable of activating its receptor (Knudsen & Pridal 1996) . The development of specific analytical techniques capable of distinguishing between the intact peptide and the truncated metabolite has been crucial in revealing the key role of DPP IV in determining the biological activity of GLP-1 in vivo (Deacon et al. 1995a ). GIP has not received the same attention, largely because of the lack of suitable methodology since, until recently, most, if not all, assays for GIP have been unable to distinguish between intact GIP (1-42) and the N-terminally truncated metabolite, GIP (3-42), generated as a result of DPP IV action. This necessitated high-pressure liquid chromatography (HPLC) analysis of plasma samples to support the suggestion that DPP IV may have a role in degrading exogenous GIP in rats (Kieffer et al. 1995) . The recent development of a specific N-terminally directed assay for GIP has revealed the potential role of DPP IV in in vivo inactivation of endogenous GIP in humans (Deacon et al. 2000) , since GIP (3-42) was shown to be the predominant circulating molecular form.
The discovery of the critical role of DPP IV in GLP-1 metabolism formed the basis for the suggestion that DPP IV inhibition may be a novel method for treating diabetic hyperglycaemia (Deacon et al. 1995b , since inhibiting the enzyme would be likely to protect GLP-1 from degradation and, therefore, improve its ability to lower blood glucose. Thus, DPP IV inhibition proved to be remarkably efficient at preventing in vivo degradation of exogenously infused GLP-1, and this effect was associated with augmented insulin secretion in response to intravenous glucose in anaesthetised pigs . Subsequently, DPP IV inhibition has been shown to improve glucose tolerance in rodent models of insulin resistance (Pederson et al. 1998 , Balkan et al. 1999 , Ahrén et al. 2000 . This effect was attributed to the higher concentrations of intact biologically active GLP-1 arising as a consequence of inhibition of DPP IV activity, since specific analyses showed that the inhibitor abolished degradation of endogenous GLP-1 (Balkan et al. 1999) . The effect on GIP was not examined, although it was postulated that increased levels of intact GIP would contribute to the glucose-lowering effect.
The present study aimed to examine the effect of a novel, highly specific and potent DPP IV inhibitor, NVP-DPP728 (Hughes et al. 1999) , on the hormonal responses to a mixed meal in non-anaesthetised dogs, with a view to identifying the extent to which DPP IV is involved in inactivation of endogenous incretins and to what extent it would be possible to protect them from degradation. In addition to measuring the pancreatic responses, the study relies upon recently developed assays for the incretin hormones, which are capable of measuring specifically the non-degraded biologically active forms of GLP-1 and GIP (Deacon et al. 2000) .
Materials and Methods

DPP IV inhibitor
) is a slowbinding, rapidly reversible inhibitor of DPP IV with a K i of 11 nM (Hughes et al. 1999) . It is highly selective for DPP IV relative to other post-proline cleaving enzymes (e.g. prolyl oligopeptidase, aminopeptidase P, DPP II).
Experimental procedure
This study was approved by the Danish Animal Experiments Inspectorate, according to the guidelines approved by the Member States of the Council of Europe for the use of live animals for scientific research. Prior to the study, three female beagle dogs (16-18 months old, 11-14 kg) were accustomed over several months to being restrained in a sling. Animals were fed once daily (SDS Pet Food; Special Diets Services, Witham, Essex, UK; 350 g) at approximately 1400 h and had free access to drinking water. The dogs were fasted from 1500 h on the day prior to the experimental day, but water was withheld from 0000 h on the morning of the experiment. On 4 days, each separated by 2-3 weeks, each animal received on two occasions either the DPP IV inhibitor (NVP-DPP728) or vehicle.
In the morning of the experimental day, the dog was placed in the sling and a sterile catheter (Intracath; Becton Dickinson, Sandy, UT, USA) was introduced into the right atrium via the external jugular vein (or in a few cases via the saphenous vein), and used for infusion of the inhibitor or vehicle and for blood sampling. The animal was then allowed a 30-min equilibration period. Prior to taking each blood sample, the catheter was flushed by withdrawing 2-3 ml blood. This was reinfused after the sample had been collected, and the catheter was flushed with heparinised (16 International equivalents (IE)/ml) isotonic saline solution. At 30 min, a basal blood sample was taken, and the inhibitor (1 mg/kg, dissolved in sterile isotonic saline solution) or vehicle was administered by slow intravenous infusion. The inhibitor dose was selected to provide equivalent compound exposure and pharmacodynamic effects to a 100 mg dose in man, which has been reported to increase active GLP-1 levels during meal tests (Rothenberg et al. 2000) . A further blood sample was taken at 5 min. At 0 min, a blood sample was taken and a test meal (9 ml/kg of a mixture of commercial sour cream (crème fraïche, 18% fat; 100 ml) and sucrose solution (1 M; 100 ml)) was given by oral gavage, using a 60 cm long paediatric feeding tube. Additional blood samples were collected at 15, 30, 60, 90, 120 and 150 min. At the end of the experiment, the venous catheter was removed.
Blood samples for hormone analysis (4 ml) were collected into chilled Minisorb tubes containing EDTA (6·75 mM, final concentration), aprotinin (675 kallikrein inhibitory units/ml blood) and valine-pyrrolidide (a specific DPP IV inhibitor, provided by Dr Orin Tempkin, Novartis Pharmaceuticals, East Hannover, NJ, USA; 0·01 mM, final concentration). Samples for determination of glucose and DPP IV activity (2 ml) were collected into tubes containing heparin (<20 IE/ml). The amount of blood taken on each occasion represented approximately 5% of the total blood volume.
All samples were stored on ice until centrifugation at 4 C, after which plasma was separated and stored at 20 C until analysis.
Hormonal analysis
Plasma levels of intact and total incretin hormones were measured using specific radioimmunoassays (RIAs) which were validated by HPLC as described previously (Deacon et al. 1995a (Deacon et al. , 2000 . GLP-1 concentrations were determined using assays directed towards each end of the molecule with human GLP-1 standards (canine GLP-1 is thought to be identical to human GLP-1). N-terminal immunoreactivity was measured using a newly developed assay for the intact N-terminus of GLP-1. Antibodies were raised by immunising rabbits with the synthetic sequence, GLP-1 (7-16)-cys (Genosys Biotechnologies (Europe) Ltd, Cambridge, Cambs, UK), coupled to keyhole limpet haemocyanin using m-maleimidobenzoyl-N-hydroxysuccinimide ester, as described by Dyrberg & Kofod (1990) . Antiserum 98302 could be used in a final dilution of 1:65 000 and endows the assay with a detection limit of approximately 5 pM and an ED 50 of 80·8 3·4 pM. The assay is specific for the intact N-terminus of GLP-1, and cross-reacts less than 0·1% with GLP-1 (9-36)amide, or with the structurally related peptides GLP-1 (1-36)amide, GIP (1-42), GIP (3-42), GLP-2 (1-33), GLP-2 (3-33) or glucagon at concentrations of up to 100 nM. It has a cross-reactivity of approximately 4% with the major proglucagon fragment (proglucagon (72-158)) secreted from the pancreas. Intraassay variation was less than 6% and interassay variations were approximately 8 and 12% for 20 and 80 pM standards respectively. Valine-pyrrolidide (0·01 mM final concentration) was added to the assay buffer to prevent N-terminal degradation of GLP-1 during the assay incubation. HPLC supports the use of RIAs with this specificity for determination of intact GLP-1 (Deacon et al. 1995a) . Since the presence of both amidated and glycineextended forms of GLP-1 (Mojsov et al. 1987 (Mojsov et al. , Ørskov et al. 1989 (Mojsov et al. , 1994 in the dog could not be excluded, C-terminal immunoreactivity was determined using two different antisera. Antiserum 89390 (Ørskov et al. 1994) has an absolute requirement for the intact amidated C-terminus of GLP-1 (7-36)amide, and cross-reacts 83% with GLP-1 (9-36)amide, but less than 0·01% with the glycine extended form, GLP-1 (7-37), or with C-terminally truncated fragments. Antiserum 92071 (Ør-skov et al. 1994 ) is specific for the C-terminus of GLP-1 (7-37) and cross-reacts fully with GLP-1 (9-37) but less than 0·1% with amidated forms of GLP-1. For all assays, the intra-assay coefficient of variation was less than 6%. Plasma samples were extracted with 70% ethanol (v/v, final concentration) before assay, giving recoveries of 75% (Ørskov et al. 1991) .
Total GIP was measured using the C-terminally directed antiserum R65 (Krarup et al. 1983 , Krarup & Holst 1984 , which reacts fully with intact GIP and the N-terminally truncated metabolite, GIP (3-42), but not with the so-called 8 kDa GIP, whose chemical nature and relation to GIP secretion is uncertain. The assay has a detection limit of less than 2 pM and an intra-assay variation of approximately 6%. Intact, biologically active GIP was measured using a newly developed assay (Deacon et al. 2000) . Briefly, antibodies were raised against the synthetic sequence, GIP (1-10)-cys (Genosys Biotechnologies (Europe) Ltd), as described above. Antiserum 98171 endows the assay with a detection limit of approximately 5 pM and an ED 50 of 47·5 2·3 pM. The assay is specific for the intact N-terminus of GIP, and cross-reacts less than 0·1% with GIP (3-42), or with the structurally related peptides GLP-1 (7-36)amide, GLP-1 (9-36)amide, GLP-2 (1-33), GLP-2 (3-33) or glucagon at concentrations of up to 100 nM. Plasma samples were extracted with ethanol (70% v/v, final concentration), giving recoveries of synthetic GIP added to plasma of 85%. Intra-assay variation was less than 6% and interassay variations were approximately 8 and 12% for 20 and 80 pM standards respectively. Valine-pyrrolidide (0·01 mM, final concentration) was added to the assay buffer to prevent N-terminal degradation of GIP during the assay incubation. For both assays, human GIP (Peninsula Laboratories Europe Ltd, St Helens, Merseyside, UK) was used as standard (the sequence of canine GIP has not been determined) and radiolabelled GIP was from Amersham Pharmacia Biotech Ltd (Little Chalfont, Bucks, UK). Separation of bound from free peptide was achieved using plasma-coated charcoal (Ørskov et al. 1987) .
Insulin immunoreactivity was measured in unextracted plasma using antiserum 2004 (Ørskov et al. 1991) , and glucagon immunoreactivity was determined after ethanol extraction, using the C-terminally directed antiserum 4305, which measures glucagon of pancreatic origin (Ørskov et al. 1991) . For both assays, human standards were used (canine glucagon is identical to human glucagon while canine insulin differs only at a single amino acid).
Glucose analysis
Plasma glucose was determined by the glucose oxidase method using a glucose analyser (YSI Inc., Yellow Springs, OH, USA).
DPP IV activity determination
DPP IV activity was assessed by a fluorescence assay, using H-glycine-proline-7-amino-4-methylcoumarin (Bachem, King of Prussia, PA, USA) as substrate, as previously described .
Calculations and statistical analysis
The areas under the curve (AUC) for the total and intact forms of each incretin were calculated using the trapezoidal method. For each incretin, the percentage intact peptide was expressed as the AUC for N-terminal immunoreactivity relative to the AUC for C-terminal immunoreactivity. The glucose excursion and amounts of insulin and glucagon secreted in response to the meal are expressed as the incremental AUC, calculated after subtraction of the basal concentrations measured in samples before the meal.
Each animal received each treatment (vehicle or inhibitor) on two separate occasions. Therefore, for each individual animal, the mean responses to each treatment were calculated. The final data were then expressed as means ... (n =3). Data were analysed using Graph-PAD InStat software, version 1·13 (San Diego, CA, USA) and Statistica software (Stat Soft Inc., Tulsa, OK, USA). Two-factor analysis of variance for repeated measures with post hoc analysis was used to analyse time-course curves before and after DPP IV inhibition. The AUCs for GLP-1 and GIP (intact and total; before and after DPP IV inhibition) were compared using one-way analysis of variance and post hoc analysis. Two-tailed t-tests were used to compare the effect of DPP IV inhibition on the glucose, insulin and glucagon AUCs and the percentage intact GLP-1 and GIP. P<0·05 was considered significant.
Results
No adverse reactions, as evaluated by real-time electrocardiogram (ECG) monitoring and absence of gastrointestinal symptoms, to the test meal or the inhibitor were seen in any case.
Plasma DPP IV activity did not differ prior to vehicle or inhibitor treatment. It remained unchanged after vehicle treatment, but was reduced (P<0·005 compared to vehicle) by NVP-DPP728, to less than 10% of basal activity during the first 90 min after treatment. Thereafter, plasma DPP IV activity gradually increased, reaching 37·3 4·7% of basal activity by 180 min after inhibitor administration (Fig. 1) .
The test meal induced increases in both total (Cterminal immunoreactivity; P<0·0001) and intact GIP (N-terminal immunoreactivity; P<0·0001) (Fig. 2) . After vehicle treatment total GIP levels were higher (P<0·005) than levels of intact peptide, whereas after NVP-DPP728, concentrations were similar, indicating substantial protection of intact GIP (cumulative AUC for the 90-min period following the meal, corresponding to the period of maximal DPP IV inhibition, 10 649 106 compared with 12 084 1723 pM min). The amount of intact GIP in this period more than doubled, from 4797 364 pM min (controls) to 10 649 106 pM min (inhibitor; P<0·03). In contrast, the amount of total GIP actually fell, from 21 632 654 pM min (control) to 12 084 1723 pM min (inhibitor; P<0·001). When expressed as a percentage of total GIP, the intact peptide accounted for 22·6 1·2% (vehicle) and increased (P<0·0002) to 92·5 4·3% after the inhibitor.
Both total (P<0·0005) and intact (P<0·0001) GLP-1 concentrations were also elevated by the test meal (Fig. 3) , and again C-terminal levels (the sum of immunoreactivity measured with antisera 89390 and 92071) were greater (P<0·01) on control days. However, after the inhibitor there was no significant difference in the amount of N-and C-terminal immunoreactivity (AUC 0-90 min , 2822 528 and 3060 601 pM min respectively). The amount of intact GLP-1 increased, from 646 134 pM min (controls) to 2822 528 pM min (inhibitor; P<0·05), while total GLP-1 (the sum of both C-terminal assays) was reduced, from 5145 677 pM min (control) to 3060 601 pM min (inhibitor; P<0·05). The proportion of intact GLP-1 increased, from 10·1 0·4% (vehicle) to 99·0 22·6% (inhibitor; P<0·02) of total immunoreactivity, while the use of the two C-terminal assays revealed that 70·4 2·2% of the total GLP-1 immunoreactivity in the dog is found as glycine-extended forms.
Plasma glucose profiles did not alter significantly during the experiment and the glucose excursion was only marginally lower after inhibitor treatment ( Fig. 4A ; AUC 0-90 min , 0 12 versus 21 8 mM min, control versus inhibitor; P=0·084). The test meal induced significant rises in plasma insulin (P<0·01; Fig. 4B ), but there was no difference between vehicle and inhibitor treatments (AUC 0-90 min , 7249 461 versus 5560 2812 pM min, control versus inhibitor). Glucagon concentrations were not significantly changed during the experiment (Fig. 4C) and were unaffected by the inhibitor (AUC 0-90 min , 163 31 versus 51 97 pM min, control versus inhibitor).
Discussion
In this study, the effects of DPP IV inhibition upon incretin hormone metabolism and upon the response to a Figure 1 Plasma dipeptidyl peptidase (DPP) IV activity in conscious dogs (n = 3) after administration of vehicle (isotonic saline solution; ) or DPP IV inhibitor (NVP-DPP728; 1 mg/kg; ), where each animal received each treatment twice. A basal blood sample was taken at 30 min, after which the vehicle or inhibitor was given as a bolus intravenous dose. DPP IV activity was unaltered by vehicle treatment, but was significantly inhibited by NVP-DPP728 (*P<0·05, ***P<0·005).
test meal were examined in non-anaesthetised dogs. The results showed that inhibition of plasma DPP IV activity increases the circulating levels of intact versions of both incretin hormones in response to the presence of nutrients in the intestine while at the same time reducing total incretin concentrations.
It is well accepted that DPP IV is the main enzyme responsible for inactivation of GLP-1 in vivo, but its full significance in terms of GIP's stability has not previously been investigated in detail. Thus, intact GLP-1 makes up under half of total endogenous GLP-1 immunoreactivity in man (Deacon et al. 1995a) , pig (Hansen et al. 2000) and rat (Balkan et al. 1999) , but it was not until specific inhibitors of the enzyme were shown to prevent degradation of GLP-1 in vivo that the pivotal role of DPP IV was fully confirmed , Balkan et al. 1999 ).
Likewise, in vitro studies have confirmed that GIP is a substrate for DPP IV (Mentlein et al. 1993 , Kieffer et al. 1995 , Pauly et al. 1996 , but the enzyme's role in vivo has only been indicated indirectly by identification of the N-terminally truncated metabolite (Kieffer et al. 1995 , Deacon et al. 2000 . The results of the present study demonstrated that specific inhibition of DPP IV results in substantial protection of the biologically active forms of both endogenous incretin hormones. It is, therefore, highly likely that the mechanism of action of DPP IV inhibitors in improving glucose tolerance (Pederson et al. 1998 , Balkan et al. 1999 , Ahrén et al. 2000 involves both incretin hormones, as was suggested by Balkan et al. (1999) .
NVP-DPP728 markedly reduced plasma DPP IV activity during the first 2 h, but later, as DPP IV activity Figure 2 Increase in plasma concentrations of glucose-dependent insulinotropic polypeptide (GIP) after administration of a mixed meal (arrows) in conscious dogs (n = 3) after intravenous administration of vehicle (A) or DPP IV inhibitor (B), where each animal received each treatment twice. The vehicle (isotonic saline solution) or DPP IV inhibitor (NVP-DPP728; 1 mg/kg) were given 30 min before the meal. Samples were measured using C-terminally () and N-terminally () directed assays for GIP. GIP concentrations increased significantly in response to the meal (P<0·0001). C-terminal immunoreactivity was significantly higher than N-terminal immunoreactivity in vehicle-treated animals (*P<0·05, **P<0·01, ***P<0·005), but concentrations were similar after inhibitor treatment.
Figure 3
Increase in plasma concentrations of glucagon-like peptide-1 (GLP-1) after administration of a mixed meal (arrows) in conscious dogs (n = 3) after intravenous administration of vehicle (A) or DPP IV inhibitor (B), where each animal received each treatment twice. The vehicle (isotonic saline solution) or DPP IV inhibitor (NVP-DPP728; 1 mg/kg) were given 30 min before the meal. Samples were measured using C-terminally () and N-terminally () directed assays for GLP-1. GLP-1 concentrations increased significantly in response to the meal (P<0·0001). C-terminal immunoreactivity was significantly higher than N-terminal immunoreactivity in vehicle-treated animals (*P<0·05, **P<0·01, ***P<0·005), but concentrations were similar after inhibitor treatment.
began to increase, there was also a gradual increase in levels of the N-terminally truncated metabolites. However, during the period of maximal inhibition, NVP-DPP728 treatment clearly increased concentrations of the biologically active forms of both GLP-1 and GIP, approximately doubling plasma levels of intact GIP found in response to the meal, while intact GLP-1 concentrations increased fourfold. However, it is intriguing to note that the total response of both incretins, as determined using the C-terminal assays, actually fell in response to the inhibitor. DPP IV inhibition reduces the metabolic clearance and increases the plasma half-life of the active forms of both incretin hormones (Deacon et al. , 2001 ). However, neither the metabolic clearance nor the plasma half-life of C-terminal GLP-1 or GIP immunoreactivity is affected by DPP IV inhibition (Deacon et al. , 2001 , which indicates that the reduction in total incretin levels found after NVP-DPP728 reflects reduced secretion. This, therefore, is suggestive of a feedback mechanism, an effect which has previously been indicated from studies in humans, where exogenous GLP-1 (7-37) infusion led to a reduction in levels of endogenous amidated GLP-1 (ToftNielsen et al. 1999) . In the present study, the elevated concentrations of endogenous intact forms of the incretins may themselves restrict further secretion from the K-and L-cells. Whether this is a direct relationship (i.e. intact GIP inhibits K-cell secretion while intact GLP-1 influences L-cell secretion) cannot be concluded from the present study. However, in the case of GLP-1, current evidence points to an indirect inhibitory relationship between GLP-1 secretion and the L-cell. Thus, GLP-1 was reported to release somatostatin from isolated rat intestinal cultures (Brubaker et al. 1997 ) and the isolated, vascularly perfused porcine ileum (Hansen et al. 2000) . Furthermore, somatostatin itself inhibits GLP-1 secretion, leading to the suggestion that GLP-1 limits its own secretion by activating a somatostatin-mediated paracrineinhibitory pathway (Hansen et al. 2000 ). An inhibitory relationship has been established between insulin and GIP secretion (Stockmann et al. 1984) although, in the present study, insulin levels did not change significantly. Additionally, it cannot be excluded that DPP IV inhibition may protect some other inhibitory factor from degradation.
Determination of endogenous GLP-1 concentrations is complicated by the fact that two forms of the peptide are produced. Thus, in man, the predominant forms (>75%; Ørskov et al. 1989, 1994) of GLP-1 are C-terminally amidated, while in pigs (Hansen et al. 2000) and rats (Mojsov et al. 1987) at least half is glycine-extended. Both forms have identical effects on insulin and glucagon secretion (and therefore blood glucose concentrations) (Ørskov et al. 1993 ) and on gastric acid secretion (Wettergren et al. 1998) , but the C-terminal amidation seems to protect the peptide from C-terminal degradation in the plasma (Wettergren et al. 1998) . As the present study shows, both amidated and glycine-extended GLP-1 are also found in dogs, with the glycine-extended forms making up the majority (70%) of the total circulating peptide. This means that while, in man, the assay for the amidated C-terminus used in the present study will give a relatively reliable measure of total (intact plus N-terminally truncated metabolite) GLP-1 concentrations, the use of a single C-terminal assay is going to underestimate secretion in the pig, rat and dog. However, by determining total plasma GLP-1 using assays for both the amidated and the glycine-extended forms of GLP-1, the present study shows that DPP IV inhibition results in equal concentrations being determined with the N-terminal and the sum of the two C-terminal assays, i.e. the inhibitor completely prevents the degradation of endogenous GLP-1. This is in good agreement with our previous study , in which DPP IV inhibition prevented degradation of exogenously infused The vehicle (isotonic saline solution) or DPP IV inhibitor (NVP-DPP728; 1 mg/kg) were given 30 min before the meal. Glucose and glucagon concentrations were unaltered during the experiment and were not affected by either treatment. Insulin concentrations increased in response to the meal (P<0·01), but there were no differences between vehicle or inhibitor treatment at any time-point.
GLP-1. However, it is interesting to note that GIP appears not to be protected to quite the same extent. Thus, with DPP IV inhibition, intact GIP increases to account for 90% of total GIP. It may be that GIP, in contrast to GLP-1, is a substrate for other N-terminally directed enzymes which are not inhibited by NVP-DPP728, a suggestion supported by a recent study indicating that DPP IV inhibition fails to completely protect exogenous GIP from degradation (Deacon et al. 2001) . Moreover, unlike GLP-1, which is stored in the L-cell in the intact form (Hansen et al. 1999) , there is some evidence that GIP is stored in both the intact form and as the N-terminally truncated metabolite, GIP (3-42) (Jörnvall et al. 1981) . It may be that this peptide within the secretory granules is not accessible to the inhibitor or, alternatively, that the peptide which was released in response to the meal was already processed and stored within the granule prior to administration of the inhibitor. In this context, it would be interesting to inhibit the enzyme over a longer period so that de novo synthesis of GIP occurs, and see whether this leads to a more complete protection of the endogenous intact peptide.
In the present study, the pancreatic responses (insulin and glucagon) were not different between the two treatments (vehicle versus inhibitor), and there was only a marginal trend for the glucose excursion to be lower after the inhibitor. It might have been expected that increased amounts of biologically active incretins would lead to a potentiation in the insulin response. However, although the absolute concentrations of the active forms of both incretin hormones were elevated by the inhibitor, it should be noted that due to differences in the basal levels of GLP-1 on the inhibitor versus vehicle days, the relative increase in the amount of active GLP-1 was only marginal (P=0·08). This may provide part of the explanation for the lack of a potentiation of insulin secretion following the inhibitor, and further studies with larger numbers of animals should be able to clarify this. However, one can also argue that, in the normal animal, insulin secretion is already optimised to dispose of the glucose load, and since the incretin effect is glucose dependent (Weir et al. 1989) , no additional effect of their presence would be noted. This would be in agreement with the available data in the limited number of studies so far undertaken to examine this issue. Thus, while a significant improvement in glucose tolerance in insulin-resistant obese Zucker rats given oral glucose is seen after both acute (Pederson et al. 1998 , Balkan et al. 1999 and chronic (Brand et al. 1999 ) DPP IV inhibition, there was little or no effect on the glucose excursion in rats with normal glucose tolerance (Pederson et al. 1998 , Balkan et al. 1999 ). Furthermore, it should also be remembered that plasma insulin levels reflect the combined result of several opposing events, i.e. the elevated levels of active incretins stimulate insulin secretion while, at the same time, the (marginally) lower blood glucose levels will tend to restrict insulin secretion.
In addition, it has been reported that the dog, in particular, can respond to a mixed meal challenge with little or no change in plasma glucose concentration (as found also in the present study), due to its ability to regulate precisely the rate of glucose appearance and disappearance (Strack et al. 1994) .
In conclusion, the data presented show that inhibition of DPP IV largely prevents in vivo degradation of the endogenous incretin hormones, supporting the notion that the effects of DPP IV inhibitors are not due to protection of GLP-1 alone. Furthermore, DPP IV inhibition resulted in a net reduction in incretin hormone secretion without changes in insulin or glucose concentrations, raising the possibility that a feedback inhibitory mechanism acts to limit further secretion in the face of elevated levels of the biologically active forms.
